Mammalian somatic cell cloning requires factors specific to the oocyte for reprogramming to succeed. This does not exclude that reprogramming continues during the zygote and cleavage stages. The capacity or role of zygotic and cleavage stages to reprogram somatic cell nuclei is difficult to assess due to the limited development of somatic cell nuclei transplanted into cytoplasts of these stages. Alternatively, tetraploid embryos have been used to study reprogramming and can be assessed for their contribution to extra-embryonic lineages. When mouse cumulus cell nuclei transgenic for Oct4-green fluorescent protein (GFP) were injected into intact two-and four-cell stage blastomeres, manipulated embryos developed into blastocysts with expression of Oct4-GFP as observed in embryos produced by nuclear transfer into metaphase II oocytes. However, only the latter contributed to extra-embryonic tissues in day 10.5 conceptuses, with the exclusion of the somatic genome in cells originating from transfer into blastomeres already at 5.5 days post conception. Somatic nuclei transferred into cleavage stage blastomeres reinitiated expression of an embyronic-specific transgene, but lacked the extent of reprogramming required for contribution to post-implantation development, even when complemented by an embryonic genome. 
Introduction
Transfer of a mammalian somatic cell nucleus into the enucleated cytoplasm of a metaphase II (MII) stage oocyte has resulted in development to term and adulthood. The underlying mechanisms that mediate the transition of nuclear function from that of a somatic to a totipotent cell have been summarized as reprogramming. Successful cloning of mammals from somatic cell nuclei apparently depends on factors present in the mature mammalian oocyte. Clones produced with later stage recipient cytoplasm, such as the zygotic cytoplasm, do not develop (McGrath & Solter 1984 , Robl et al. 1987 , Wakayama et al. 2000 , suggesting that reprogramming of somatic nuclei is either limited to or must be initiated in the ooplasm. This is consistent with events that occur in normal development, where decondensation and reorganization of both male and female gametic chromatin critically depend on maternal factors stored in the oocyte (Burns et al. 2003 , Wu et al. 2003 . It is therefore probable that ooplasm-specific factors induce epigenetic changes not only onto gametic chromatin but also onto that of an introduced somatic nucleus.
Although during normal development remodeling of the parental genomes is initiated in the oocyte, it continues during preimplantation development, including processes such as differential demethylation of the two parental genomes (Monk et al. 1987 , Rougier et al. 1998 , Oswald et al. 2000 . As late as implantation, major genome-wide epigenetic alterations are still ongoing, as the largely demethylated parental genomes are de novo methylated (Dean et al. 2001 (Dean et al. , 2003 . In somatic cell clones, it remains unclear whether reprogramming is an all or none process or whether it is a dynamic process initiated by oocyte factors but continuing during development (Jouneau & Renard 2003) . Continuation of reprogramming during cleavage stages may either be mediated by maternal factors remaining from the ooplasm or via novel gene expression from a partially reprogrammed somatic nucleus. Observations such as mosaic gene expression in murine and porcine blastocyst stage clones could indicate either differential reprogramming between blastomeres or a differential failure of gene expression (Boiani et al. 2002 , Park et al. 2002 . Differential reprogramming between blastomeres would require that modifications occur subsequent to the first cleavage. Reprogramming can be interpreted by several criteria including epigenetic changes, gene expression and development. Assessment of the reprogramming capacity of cleavage stage blastomeres could in theory be tested by transplantation of a somatic cell nucleus into an enucleated cytoplast. This approach, however, results in little or no cleavage subsequent to nuclear transplantation, including using nuclei from preimplantation stages (Tsunoda et al. 1987 , Solter 2000 , Wakayama et al. 2000 . Alternatively, the ability of cytoplasm other than the oocyte to reprogram somatic cell nuclei has been extensively tested by fusing somatic cell nuclei with intact recipient cells (Tada et al. 1997 , Takagi 1997 . To determine whether reprogramming of a somatic genome can occur at stages subsequent to the MII oocyte, we transferred mouse somatic nuclei into blastomeres of murine cleavage stage embryos and observed expression of an Oct4-green fluorescent protein (GFP) transgene from the somatic genome during preimplantation development. The ability of the somatic genome in somatic-embryonic tetraploid cells to contribute to post-implantation development was determined in chimeras with diploid embryonic cells.
Materials and Methods

Embryo culture
Unless stated otherwise, micromanipulated and control embryos were cultured in groups of 30 in 20 ml drops of a-minimum essential medium (a-MEM) medium (Sigma, St Louis, MO, USA) placed in 35 mm dishes (Corning, NY, USA). a-MEM was supplemented with bovine serum albumin (BSA; 0.4% (w/v); ICN, Aurora, OH, USA) and filtered on an acetate membrane (0.22 mm; Fisher, Pittsburgh, PA, USA; prewashed with medium) prior to use. Culture drops were overlaid with silicon oil (5 centistokes; Sigma) and incubated in an atmosphere of 5% CO 2 in air at 37 8C. An additional 10 ml a-MEM was added to the original culture drop 24 h after micromanipulation. Embryos were assessed at 96 h for blastocyst formation and expression of GFP.
Recipient embryo and donor nucleus collection
Eight-to ten-week old C57Bl/6J £ C3H/HeN female mice (Taconic, Germantown, NY, USA; referred to as B6C3F1) were superovulated with 7.5 U pregnant mare serum gonadotropin (Calbiochem, San Diego, CA, USA) followed 48 h later by 7.5 U human chorionic gonadotropin (hCG; Sioux, Sioux Center, IA, USA). Females were mated to ICR males. Cumulus -oocyte complexes were collected 15 h post-hCG and cumulus cells removed by hyaluronidase (ICN; activity . 5000 IU/mg) at 50 U/ml in HEPES-buffered CZB medium (Chatot et al. 1989 ) at 27 8C. The HEPESbuffered CZB medium was modified as follows -5.56 mM glucose, 5 mM HEPES, 20 mM sodium bicarbonate, 0.1% (w/v) polyvinylpyrrolidone (PVP; 40 kDa; Calbiochem), no albumin -in the presence of protease inhibitors (Sigma; 0.2% (v/v)). After 15 -20 min, the cumulus-free oocytes were washed three times in HEPES-buffered CZB medium and then placed in a-MEM culture medium (see section on Embryo culture). Two-cell stage embryos were collected from the oviducts at 40 h posthCG. For manipulation at the four-cell stage, embryos were collected 48 h post-hCG from the oviduct and cultured in vitro until 90% of the embryos completed the second cleavage. Cumulus cell donor nuclei were isolated from the cumulus-oocyte complexes of superovulated female mice transgenic for Oct4-GFP (transgenic strain referred to as OG2; Szabo et al. 2002) or transgenic for ubiquitous GFP (Okabe et al. 1997) to visualize gene expression from the somatic nucleus after nuclear transfer. For analysis of contribution to post-implantation development, donor cumulus cells were also derived from C57Bl/6J £ DBA2 F1 mice (referred to as B6D2F1). Cumulus cells were stored at 4 8C after adding an equal volume of a-MEM to the hyaluronidase drop.
Animals were maintained and used for experimentation according to the guidelines of the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Micromanipulation
Enucleation of cleavage stage blastomeres was performed in HEPES-buffered CZB medium (PVP, 40 kDa, 0.1% (w/v); albumin free) in the presence of cytochalasin B (5 mg/ml from ICN) and nocodazole (0.3 mg/ml from Sigma). Blastomere nuclei were removed by using a piezo-driven (PMM 150 FU; PrimeTech, Tsuchiura, Japan) borosilicate enucleation needle (, 15 mm), and embryos were left to recover in a-MEM medium for 1-2 h at 37 8C with several passages through fresh drops of medium. Somatic cell nuclear transplantation was done in hypertonic (110%) HEPES-buffered CZB medium (supplemented as above with PVP 1% (w/v)). Cumulus cell nuclei were transferred using piezo-driven borosilicate needles as described above. Embryos were processed in batches of ten within a 10-min time window, and left to recover for 1 h at 27 8C in a 1:1 part mixture of hypertonic (110%) HEPES-buffered CZB medium (PVP 1% (w/v)) and a-MEM medium prior to embryo culture. In experiments where embryonic karyoplasts were fused to blastomeres, or blastomeres fused together, embryos were exposed to a 1.1 kV/cm DC pulse of 40 ms duration in HEPES-buffered CZB medium (PVP, 40 kDa, 0.1% (w/v); albumin free).
Chimeric diploid-tetraploid embryos resulting from somatic cell nuclear transfer into MII oocytes were produced as follows. Cumulus cell nuclei were transferred into MII oocytes using piezo-driven injection needles (, 7 mm) in hypertonic (110%) HEPES-buffered CZB medium (PVP 1% (w/v)). Injected oocytes were left to recover in a 1:1 part mixture of hypertonic (110%) HEPES-buffered CZB medium (PVP 1% (w/v)) and a-MEM medium for 1 h at 27 8C prior to incubation in a-MEM medium at 37 8C. One to two hours later, they were activated for 6 h in modified (Ca free, 10 mM SrCl 2 ) M16 medium, supplemented with BSA (0.4% (w/v); ICN), vitamins (1 £ ; Sigma) in the presence of cytochalasin B (5 mg/ml from ICN; prepared in dimethyl sulfoxide as a 200 £ stock solution). The presence of cytochalasin B was required to prevent extrusion of a pseudo polar body. The resulting tetraploid embryos were cultured to the late two-cell stage, and one tetraploid karyoplast was fused to a developmentally synchronous, enucleated blastomere of a B6C3F1 £ ICR two-cell stage embryo.
Hoechst staining of embryos
Embryos were stained with Hoechst 3342 (or 33258) (Sigma; 10 mg/ml in a-MEM) for 5 min, then washed in HEPES-buffered CZB medium and mounted in microdrops for photography.
Detection of DNA Synthesis
Subsequent to somatic cell nuclear transfer into one blastomere (at 42 h post-hCG), two-cell stage embryos were incubated with 5-bromo-2 0 -deoxyuridine (BrdU); BrdU Cell Proliferation Assay Kit; Calbiochem; 1:1000 dilution of supplied stock in a-MEM) for 6 h, washed briefly with a-MEM and treated with acidic Tyrode's solution to remove the zona pellucida. Zona-free embryos were placed on glass coverslips, air dried, fixed in 100% methanol for 20 min at 2 20 8C and post-fixed/denatured with fixative/denaturing solution (BrdU Cell Proliferation Assay Kit) for 15 min at room temperature. Incubation with anti-BrdU antibody (1:100 dilution in antibody diluent; BrdU Cell Proliferation Kit) was performed overnight at 4 8C. Coverslips were washed once with phosphate-buffered serum (PBS), incubated with anti-mouse IgG FITC conjugate (F-8771; Sigma; diluted at 1:50 in PBS) for 4 -6 h at 4 8C and mounted on slides with Vectashield (Vector Laboratories, Burlingame, CA, USA).
Metaphase spreads of blastocysts
Chromosome preparations of morulae and blastocyst stage embryos were performed by the air-drying method as described (Tarkowski 1966) , with minor modifications. Blastocyst stage embryos were processed without addition of inhibitors to culture media, and slides were stained in 3% Gurr's Giemsa (improved Gurr's Giemsa R66; BDH, Carle Place, NY, USA).
Embryonic outgrowths
Blastocyst stage embryos were placed on a confluent layer of mitomycin C-inactivated feeder fibroblasts (neomycin resistant, leukemia inhibitory factor expressing mouse fibroblasts) in 48-well plates (Falcon Becton Dickinson, Franklin Lakes, NJ, USA). Feeder cells and embryos (outgrowths) were cultured in Dulbecco's minimum Eagles' medium (Speciality Media SLM-220B; 4.5 g/l glucose supplemented with 0.1 mM non-essential amino acids, 2 mM L-glutamine, 0.5 mM b-mercaptoethanol, 14% fetal bovine serum (HyClone, Logan, UH, USA) and 50 U/ml penicillin-streptomycin). Outgrowth formation was defined by the spreading of trophoblast cells from the attached blastocyst.
In vivo development of embryos
Four-cell stage embryos were transferred into the oviducts of ICR females (Taconic) that were pseudopregnant as determined by the presence of a copulatory plug subsequent to mating with vasectomized ICR males, on the day of plug detection (0.5 days post coitum (d.p.c.)). At 10.5 d.p.c., females with a weight increase consistent with a pregnancy were killed. Fetuses were recovered, and tissue samples from fetus, placenta and yolk sac removed for glucose phosphate isomerase (GPI-1) isozyme gel electrophoresis. Fertilized embryos were homozygous for the allele encoding the B electrophoretic form of GPI-1, whereas somatic nuclei were either heterozygous for B and C alleles or for A and B alleles. This allowed assessment of the level of chimerism by GPI-1 isozyme electrophoresis (Nagy & Rossant 1993 , Hogan 1994 .
Results
Experimental design: somatic cell nuclear transfer into cleavage stage blastomeres
To assess whether preimplantation stage-specific gene expression occurs from somatic nuclei when transplanted into cleavage stage blastomeres, we transferred mouse cumulus cell nuclei into the cytoplasm of murine cleavage stage blastomeres and monitored expression of the preimplantation stage-specific Oct4-GFP transgene from the somatic genome. Oct4-GFP transgene expression parallels that of the germline-specific transcription factor Oct4 (Yoshimizu et al. 1999) . Oct4 is silent in somatic cells, but expressed during preimplantation development and in the germ lineage (Pesce et al. 1998) . In embryos developing from oocytes fertilized with Oct4-GFP transgenic sperm, Oct4-GFP expression is typically observed subsequent to the four-cell stage (weak expression at the eight-cell stage), is upregulated upon compaction, ubiquitous in the morula, becomes inner cell mass (ICM) restricted in the late blastocyst, and has been used as a marker of reprogramming in mouse somatic cell cloning (Boiani et al. 2002 (Boiani et al. , 2003 .
Oct4-GFP expression from somatic nuclei after transfer into intact blastomeres
A single cumulus cell nucleus was transplanted into one blastomere of a late two-cell (Fig. 1a) , four-cell (Fig. 1b ) and eight-cell stage mouse embryo (Fig. 1c) . As a control for Oct4-GFP expression, a nucleus from an Oct4-GFP transgenic two-cell embryo was transferred into one blastomere of a developmentally synchronous non-transgenic two-cell stage embryo (Fig. 1, control) . To compare with gene re-expression in MII oocyte recipients, individual cumulus cells were also transferred into intact MII oocytes ( Fig. 1d and e) , and the resulting embryos either left intact as tetraploid embryo (Fig. 1d) or, at the two-cell stage, one nucleus was transferred to an enucleated blastomere of a synchronous embryo to produce a chimeric embryo comparable with group 1a.
The majority of two-cell stage embryos receiving a cumulus cell nucleus expressed Oct4-GFP at the blastocyst stage (Fig. 1a, 73% and Fig. 2a) . Similarly, 68% of embryos receiving cumulus cell nucleus transplants at the four-cell stage were positive for Oct4-GFP expressed from the somatic genome (Fig. 1b and Fig. 2b ). The frequency of Oct4-GFP expression in blastocysts resulting from cleavage stage nuclear transfer was similar to that of chimeric blastocysts produced by cumulus cell nuclear transfer into MII oocytes (Fig. 1e and Fig. 2e ). All control blastocysts (Fig. 1, control and Fig. 2f) , and those resulting from MII recipients ( Fig. 1d and Fig. 2d ) expressed the Oct4 transgene. When somatic cell nuclei were introduced into eight-cell stage blastomeres, expression of Oct4-GFP at the blastocyst stage was observed in a substantial proportion of embryos although less frequently than at the two-and four-cell stages (Fig. 1c, 46% and Fig. 2c ). Lysis of blastomeres occurred very frequently after somatic cell nuclear transfer into eight-cell stage blastomeres and possibly contributed to the lower proportion of GFP-positive blastocysts, even though embryos with any indication of lysis were carefully excluded.
In a parallel series of experiments, mouse cumulus cell nuclei from Oct4-GFP transgenic mice were transferred into enucleated blastomeres of non-transgenic (B6C3F1 £ ICR) embryos at the late two-cell and at the four-cell stage. Transfer into late two-cell cytoplasm was performed on one of two blastomeres (Fig. 3a) . To facilitate manipulation of embryos at the four-cell stage, two four-cell stage blastomeres were fused and subsequently enucleated (Fig. 3b) . The resulting embryos ( Fig. 3a and b) were chimeric, with one blastomere containing only the injected somatic nucleus. As a control for effects of manipulation, a karyoplast containing an embryonic twocell stage nucleus from an Oct4-GFP transgenic embryo was transplanted into one enucleated blastomere of a developmentally synchronous two-cell stage embryo (Fig. 3, control) . All blastocysts developing from control chimeras produced by the exchange of embryonic twocell stage nuclei expressed Oct4-GFP in a mosaic pattern, consistent with a contribution from both two-cell stage blastomeres in subsequent preimplantation development (Fig. 3, control) . The blastomere constructs of cumulus cell nuclei in enucleated late two-cell stage cytoplasm (Fig. 3a) or fused four-cell cytoplasm (Fig. 3b) invariably failed to cleave after transplantation of a cumulus cell nucleus, as observed by the presence of a large, noncleaving blastomere in subsequent stages that was often still visible at the blastocyst stage, peripherally attached to the embryo. The electrofusion treatment of blastomeres did not contribute to developmental arrest since the rate (Fig. 1a) . (b) Blastocysts resulting from transfer of somatic nucleus into four-cell stage blastomeres (Fig. 1b) . (c) Blastocysts resulting from transfer of somatic nuclei into eight-cell stage blastomeres (Fig. 1c) . (d) Blastocysts resulting from somatic cell nuclear transfer into MII oocytes (Fig. 1d) . (e) Same as (d), when developed to the two-cell stage, transfer of nucleus into one enucleated blastomere of synchronous non-transgenic embryo (Fig. 1e) . (f) Control, transfer of Oct4-GFP transgenic two-cell stage nucleus into blastomere of synchronous non-transgenic embryo. of blastocyst formation of control embryos in which two two-cell stage blastomeres were fused and one nucleus removed subsequently did not differ from unmanipulated embryos (data not shown). In two manipulated embryos, Oct4 gene expression from the somatic nucleus commenced at the same time as in control transgenic embryos (asterisks in Fig. 3a and b and Fig. 4a and b) , suggesting that cytoplasmic factors can initiate embryonic gene expression from the somatic cell nucleus.
Temporal regulation of Oct4-GFP expression in nuclear transfer embryos
In chimeric embryos receiving Oct4-GFP transgenic cumulus cell nuclei at the two-cell stage, temporal regulation of Oct4-GFP expression was similar to control manipulated embryos ( Fig. 1a and control and Fig. 3, control) : Weak Oct4-GFP signal was observed in blastomeres at the eightcell stage ( Fig. 4c-e) , and strong signal in cells of morula and blastocyst stage embryos. GFP signal in nuclear transfer embryos was weaker than in control embryos, and fewer cells expressed the transgene (in control chimeric embryos (Fig. 1 , control and e), as expected, approximately 50% of cells expressed the transgene). In embryos receiving a nuclear transplant at the eight-cell stage, at which Oct4 is already being expressed, we did not observe immediate Oct4-GFP expression from the somatic genome. Weak Oct4-GFP was first visible at the late morula/early blastocyst stage, and a strong signal apparent at the midblastocyst stage, suggesting that the somatic genome Oct4 promoter is not immediately activated.
Presence of the somatic genome in blastocysts not expressing Oct4-GFP
More than 70% of blastocysts formed from those embryos receiving a somatic cell nucleus into an intact blastomere at the two-or four-cell stage expressed Oct4-GFP. To ascertain whether blastocysts not expressing Oct4-GFP contained hybrid cells with an embryonic and a somatic genome, or whether they had expelled the transplanted somatic genome, we assessed the presence of tetraploid cells in blastocysts using metaphase spreads (Tarkowski 1966) . In GFP-expressing and non-expressing hybrid embryos produced by cleavage stage nuclear transfer, both diploid and tetraploid nuclei were detected at a similar frequency (Table 1 ). In non-manipulated control embryos, tetraploid cells were never detected, suggesting that spontaneous formation of tetraploid cells during preimplantation development is rare and that the additional genome in the nuclear transfer embryos originated from the introduced somatic cell nucleus. The presence of tetraploid cells in GFP-negative embryos indicated that, despite the persistence of the somatic genome at the blastocyst stage, Oct4-GFP expression was not initiated in somatic-embryonic hybrid cells. Since somatic cell nuclear transfer into two-cell stage blastomeres involved transfer of a nucleus at the G0 stage of the cell cycle into a blastomere in G2 phase, we ascertained whether the somatic genome replicated prior to cleavage to the four-cell stage by measuring BrdU incorporation. Since the embryonic genome has already replicated at the time of nuclear transfer, any BrdU incorporation must be due to replication of the somatic genome. Embryos receiving somatic cell nuclear transplants at the two-cell stage were always negative for BrdU staining, suggesting that the somatic genome did not replicate but formed a hybrid nucleus with one of the newly formed four-cell nuclei. Consistent with this hypothesis, in embryos receiving a somatic cell nucleus transplant at the two-cell stage, Oct4-GFP expression was usually visible in two of eight blastomeres at the eight-cell stage (Fig. 4c-e) .
Developmental potential of somatic-embryonic tetraploid cells
Blastocysts resulting from transfer of somatic cell nuclei into cleavage stage blastomeres were chimeras, composed of normal embryonic diploid and somatic-embryonic hybrid tetraploid cells arising from the injected blastomere. When combined with normal embryos or embryonic stem cells to form chimeras, tetraploid cells exhibit limited ability to contribute to embryonic development but can form extra-embryonic tissues (Kaufman & Webb 1990 , Nagy et al. 1990 , James et al. 1995 . We assessed if somaticembryonic tetraploid cells, produced by somatic cell nuclear transfer into cleavage stage blastomeres, could contribute to development in chimeras with normal embryos. Chimeric embryos resulting from transfer of cumulus cell nuclei into two-and four-cell stage blastomeres ( Fig. 5a and b) were transferred into recipient female mice, and fetuses recovered at 10.5 d.p.c. As a control, we transferred chimeras of embryonic-diploid and embryonic-tetraploid cells that were produced by transfer of a two-cell nucleus into one blastomere of a developmentally synchronous two-cell stage embryo (Fig. 5 , control). We also assessed the contribution of hybrid cells constructed with somatic nuclei and MII oocytes to postimplantation development (Fig. 5c) . Although previous studies have produced tetraploid clones by transfer of somatic cell nuclei into intact MII oocytes, the postimplantation developmental potential of these embryos has not been reported. Cumulus cell nuclei were transferred into non-enucleated MII oocytes and these subsequently activated. At the two-cell stage, the resulting tetraploid nucleus was removed from one blastomere and transferred to one enucleated blastomere of a synchronous, late twocell stage normal embryo (Fig. 5c) , creating a chimeric embryo with diploid embryonic and tetraploid cells. The contribution of the different genomes of the diploid and tetraploid components to fetus, yolk sac and placenta was determined by analysis of electrophoretically distinct GPI-1 isoenzymes encoded by the Gpi-1 alleles of different mouse strains used (Nagy & Rossant 1993) . The recipient two-or four-cell stage embryos were of GPI-1 isotype BB (B6C3F1), while the transplanted somatic or embryonic nuclei were either GFP-1 BC (129B6F1) or GFI-1 AB (B6D2F1). Recipient ICR females used were of the BB isotype.
Of 25 control chimeras with embryonic tetraploid cells transferred, ten fetuses were recovered at 10.5 d.p.c. (Fig. 5,  control) . Contribution from the transplanted embryonic nucleus was detected in the placenta of six fetuses, and contribution to the yolk sac in four of these. In contrast, in chimeric embryos containing somatic-embryonic tetraploid hybrid cells produced by somatic cell nuclear transfer into cleavage stage blastomeres, contribution of hybrid cells to post-implantation tissues at 10.5 d.p.c. was never observed (Fig. 5a and b) . In contrast, somatic-embryonic hybrid cells resulting from transfer of somatic nuclei into MII oocytes did contribute to extra-embryonic tissues: Four of ten fetuses exhibited contribution from the transferred somatic cell genome to yolk sac and/or placenta (Fig. 5c) . Therefore, despite expression of Oct4-GFP from the somatic cell nucleus in chimeric blastocysts, the somaticembryonic tetraploid component created by transfer into cleavage stage blastomeres was not functionally equivalent to an embryonic tetraploid or to somatic-embryonic tetraploid cells resulting from transfer into MII oocytes.
To determine at which stage exclusion of somaticembryonic tetraploid hybrid cells resulting from blastomere nuclear transfer occurred subsequent to the blastocyst stage, at which significant contribution is observed, we generated chimeras with hybrid cells (Fig. 5a and c) using somatic cell nuclei transgenic for an ubiquitously expressed GFP transgene (Okabe et al. 1997) . Embryos were transferred to recipients, and GFP-positive blastocysts were also placed on feeder cell layers to produce in vitro outgrowths. During in vitro culture, the number of GFPexpressing outgrowths from somatic-embryonic hybrid embryos resulting from blastomere nuclear transfer decreased (Fig. 6) , and many outgrowths contained only few (less than five) GFP-expressing cells (six out of ten (Fig. 4a ) and four- (Fig. 4b) outgrowths at 53 h). GFP-positive cells were located in both ICM and trophectoderm of outgrowths. In a few outgrowths (four out of ten), a substantial number of GFPexpressing cells were detected after 3 days of culture, suggesting that somatic-embryonic hybrid cells can develop to the in vitro equivalent of peri-implantation stages.
Fetuses from in vitro transfers were recovered at various stages between 5.5 and 9.5 d.p.c. While chimeric fetuses resulting from somatic cell nuclear transfer into MII oocytes (Fig. 5c ) frequently expressed GFP ( Fig. 6 ; four out of seven and five out of five fetuses recovered at 5.5 and 6.5 d.p.c. respectively, from a total of 2 £ 21 (42) morula stage embryos transferred), GFP-expresssing cells were only detected in a single 5.5 d.p.c. fetus resulting from somatic nuclear transfer into a two-cell stage blastomere ( Fig. 6 ; 17 fetuses recovered at 5.5 d.p.c., from 50 fourcell stage embryos transferred). In this embryo, a small number (two to four) of GFP-positive cells were located in the visceral endoderm. In later stage fetuses from this experimental group, no GFP-expressing cells were detected (Fig. 6) .
Thus, tetraploid cells produced with embryonic nuclei, and those produced by somatic cell nuclear transfer to MII oocytes and serial transfer at the two-cell stage can contribute to extra-embryonic development, whereas tetraploid cells resulting from somatic cell nuclear transfer into two-and four-cell stage blastomeres are excluded from development between the late blastocyst/peri-implantation stage and early post-implantation development.
Discussion
Here we have reported that transplantation of somatic cell nuclei into intact cleavage stage embryonic blastomeres resulted in stage-specific re-activation of the germline and embryonic-specific Oct4-GFP transgene from a somatic genome. However, despite the contribution of the somatic genome in tetraploid cells throughout preimplantation development, hybrid cells are excluded during early postimplantation development. These results indicated that preimplantation stage contribution and embryonic gene re-expression from a somatic nucleus occurs after somatic cell nuclear transfer into cleavage stage blastomeres, but is exclusive of reprogramming sufficient for contribution to post-implantation development.
We have observed that embryos receiving a cumulus cell nucleus transplanted into a single blastomere at the two-or four-cell stage develop normally to the blastocyst stage with frequent contribution of somatic-embryonic tetraploid cells. Consistent with previous studies examining nuclear transfer into post-meiotic cytoplasts, the somatic genome cannot support preimplantation development in a cleavage stage cytoplasm in the absence of the blastomere nucleus. After transfer into intact cleavage stage blastomeres, the embryonic and the transplanted cumulus cell nucleus integrated to form one tetraploid nucleus after the first division, as verified by Hoechst staining (data not shown) and analysis of metaphase spreads. Apparently, somatic cell-specific gene expression from the somatic genome is either compatible with, or not detrimental to, preimplantation development. Alternatively, it may be silenced subsequent to somatic cell nuclear transfer at preimplantation stages. Silencing of somatic specific gene expression has been frequently observed in hybrid cell models (Takagi 1997) and also subsequent to somatic cell nuclear transfer (Bortvin et al. 2003) . The observation that somatic-embryonic hybrid cells express Oct4-GFP stage and cell type specifically from the cumulus cell genome could indicate that reprogramming events are occurring on the somatic genome, resulting in embryonic-specific gene expression. Remarkably, both blastocyst stage embryos with somatic-embryonic hybrid cells produced by transfer at cleavage stages and by somatic cell nuclear transfer into non-enucleated MII oocytes or enucleated MII oocytes (Boiani et al. 2002) expressed Oct4-GFP, while developmental potential and post-implantation contributions were strikingly different. Only hybrid cells produced by transfer to MII oocytes contributed to postimplantation development.
It is possible that, subsequent to nuclear transfer into blastomeres, the somatic genome, as part of a somaticembryonic hybrid nucleus, undergoes epigenetic modifications during preimplantation development, such as demethylation and changes in heterochromatin distribution. However, even in the event of such changes, it is also possible that the cumulus cell genome does not undergo reprogramming per se, but rather that the Oct4 promoter of the somatic genome becomes accessible for transcription when at a developmental stage that expresses high levels of Oct4 from the embryonic allele, such as the morula or blastocyst. We observed that embryos that did not express Oct4-GFP subsequent to receiving somatic cell nuclear transplant contained tetraploid cells at the blastocyst stage, suggesting that Oct4-GFP expression from the somatic genome does not occur by default in somatic-embryonic tetraploid nuclei. This is consistent with the stage-specific re-expression of Oct4-GFP observed from a somatic genome, regardless of whether the nucleus was transferred into a two-, four-or eight-cell stage blastomere, although in eight-cell stage embryos, chromatin configuration changes from a less repressive to a more repressive state (Thompson et al. 1995) .
Considering the observed incompatibility of somaticembryonic tetraploid cells resulting from cleavage stage nuclear transfer with any contribution post implantation, it appears that the somatic genome does not undergo reprogramming or enough reprogramming which is required for post-implantation development. If the somatic genome was partially reprogrammed or remained dormant, some contribution of hybrid cells rather than none would have been expected due to the presence of the embryonic component. One explanation for the failure is that the somatic genome continues to express some somatic cell-specific genes as indicated in diploid nuclear transfer embryos at early stages (Gao et al. 2003) , and that this gene expression may be tolerated during preimplantation but not post-implantation development. Thus, in somaticembryonic blastomere hybrid cells, either functional reprogramming does not occur, or occurs at a level at which post-implantation contribution of cells with a somatic genome is precluded.
Expression of Oct4 has been used extensively as a marker of reprogramming of somatic cell nuclei in diverse experimental systems. Preimplantation stage mouse somatic cell clones frequently exhibit abnormal Oct4 expression patterns or fail to activate Oct4 and related embryonic genes (Boiani et al. 2002 , Bortvin et al. 2003 , suggesting insufficient reprogramming of the somatic donor nucleus. In somatic cell clones, re-expression of Oct4 reflects a gene expression change of the somatic genome that occurs upon transfer to an enucleated MII oocyte, in the absence of any other genome. In contrast, activation of Oct4 gene expression from a somatic genome occurs much more frequently in other experimental systems that have been used to study the induction of epigenetic changes on somatic nuclei, such as hybrid cells between somatic cells and embryonic germ (EG) or ES cells (Tada et al. 1997 (Tada et al. , 2001 . While the thymocyte genomes in hybrid cells between thymocytes and ES cells almost always express Oct4 and exhibit features similar to the epigenotype of an ES cell nucleus, hybrid cells only rarely contribute to fetuses which may either be due to their tetraploid nature or limited developmental potential. Activation of Oct4 gene expression was observed in cells of certain somatic cell lines when placed in physical contact with compacting mouse preimplantation embryos (Burnside & Collas 2002) . Oct4 transcription from mammalian somatic cell nuclei was also detected after transfer of nuclei into amphibian oocytes (Byrne et al. 2003) . The developmental potential of these Oct4-expressing nuclei, however, has not been assessed. Our observation that cleavage stage blastomeres can instate timely expression of Oct4-GFP from a somatic cell genome, but do not acquire developmental competence post implantation suggests that in a hybrid system, particularly those not using an MII ooplasm, gene expression alone is not a valid indicator for reprogramming. Although changes in gene expression or epigenetic modification such as methylation have been used as indicators for reprogramming of somatic nuclei, they should ultimately be interpreted in the context of the 'reprogrammed' cell to contribute to development.
Our observations have shown that, in a cell hybrid system using embryonic blastomeres and somatic cell nuclei, gene expression changes and functional reprogramming are not equivalent. The analysis of epigenetic and gene expression changes in cell hybrid systems thus may have limited applicability as a tool to assess the reversal of differentiation and the acquisition of pluripotency, in contrast to somatic cell clones produced with MII ooplasm where, in some instances, adequate reprogramming has been effected. The study of somatic-embryonic tetraploid cells, however, proved to be extremely useful. Our observation of the post-implantation contribution of somatic cell nuclei -MII oocyte tetraploid cells validates these tetraploid constructs as a model to evaluate reprogramming changes. Compared with clones produced by somatic cell nuclear transfer into MII oocytes, the similarity in Oct4 gene expression but difference in developmental capacity may provide a tool with which to delineate epigenetic changes that determine gene expression versus the reprogramming associated with production of a totipotent state.
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